Heterojunction light emitting diodes ͑LEDs͒ were fabricated by making Au/ Ni top Ohmic contacts on Sb-doped p-type ZnO film with low specific contact resistivity and Al/ Ti back Ohmic contacts on n-type Si substrate. Near-band edge and deep-level emissions were observed from the LED devices at both low temperatures and room temperature, which is due to band-to-band and band-to-deep level radiative recombinations in ZnO, respectively. The electroluminescence emissions precisely match those of photoluminescence spectra from Sb-doped p-type ZnO, indicating that the ZnO layer acts as the active region for the radiative recombinations of electrons and holes in the diode operation.
Heterojunction light emitting diodes ͑LEDs͒ were fabricated by making Au/ Ni top Ohmic contacts on Sb-doped p-type ZnO film with low specific contact resistivity and Al/ Ti back Ohmic contacts on n-type Si substrate. Near-band edge and deep-level emissions were observed from the LED devices at both low temperatures and room temperature, which is due to band-to-band and band-to-deep level radiative recombinations in ZnO, respectively. The electroluminescence emissions precisely match those of photoluminescence spectra from Sb-doped p-type ZnO, indicating that the ZnO layer acts as the active region for the radiative recombinations of electrons and holes in the diode operation. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2901018͔ ZnO, a wide-band-gap semiconductor with large exciton binding energy of 60 meV and high radiation hardness is promising for achieving high-efficiency light-emitting and laser diodes.
1-4 However, the hindrance in achieving highefficiency ZnO-based optoelectronic devices is the fabrication of reliable and reproducible p-type ZnO material. Therefore, optoelectronic devices based on n-ZnO have been reported in plenty. Heterojunction diodes based on n-ZnO and other p-type semiconductors such as p-GaN, p-AlGaN, p-SrCu 2 O 2 , and p-Si have been realized. 4, 5 In the past couple of years, the number of studies on light-emitting diodes ͑LEDs͒ implementing p-ZnO showed a steady increase. This is because of more and more availability of p-type ZnO material, which is fabricated using acceptor dopants such as As, P, and N ͑for example Refs. 6-13͒. However, many of the devices yield deep-level related emissions with none or small UV emissions. [8] [9] [10] [11] [12] [13] Our research group demonstrated p-type ZnO fabrication by using Sb as dopant, which introduces a shallow acceptor level of 160 meV above the valence band as a result of the formation of Sb-2V Zn complexes. 14, 15 Furthermore, we fabricated photodetectors with good performance based on Sb-doped p-type ZnO films. [16] [17] [18] In this letter, we report near-band edge emissions from Sb-doped p-ZnO / n-Si heterojunction LEDs.
Thin undoped ZnO film was grown at low temperature on n-Si͑100͒ substrate as a buffer layer, followed by Sb-doped ZnO layer at a higher temperature in molecular beam epitaxy system. Details of growth can be found elsewhere. 19 Thermal activation of the Sb dopant was performed in situ in vacuum at 800°C for 30 min. The resultant thicknesses of undoped and Sb-doped ZnO layers are about 50 and 370 nm, respectively. The elemental distribution of Zn, Sb, and Si was obtained by performing secondary ion mass spectroscopy ͑SIMS͒ measurements, as shown in Heterojunction LEDs were formed by e-beam evaporation of Au/ Ni contacts of size 120 ϫ 180 m 2 on Sb-doped ZnO and Al/ Ti contacts on the back side of the n-Si substrate. The contacts were annealed at 800°C for 60 s to obtain Ohmic contacts with fairly low specific contact resistivities. 19 The devices were packaged onto TO5 can using conductive epoxy resin. Current-voltage ͑I-V͒ characteristics were measured using Agilent 4155C semiconductor parameter analyzer, and temperature control was achieved by using a Janis cryostat. I-V characteristics of the p-ZnO / n-Si heterojunction device are shown in Fig. 2 . The semilogarithmic plot of the I-V characteristics is shown in the inset. The inverted rectification characteristics with higher leakage current at both higher temperatures and higher biases are oba͒ Author to whom correspondence should be addressed. Electronic mail: jianlin@ee.ucr.edu. served. This result is possibly attributed to the band alignment of wide-band-gap p-ZnO and narrow-band-gap n-Si. 18 Electroluminescence ͑EL͒ measurements were performed using an Oriel monochromator and photomultiplier tube. An external power supply was used to inject input current. EL characteristics were obtained by operating the diode in its forward operation region, where positive bias was applied to n-Si. Similar report has been seen on EL from n-ZnO / p + -Si heterojunction diode, where EL is observed in UV region during the positive bias on n-ZnO and is explained by the band alignment.
5 Figure 3͑a͒ shows the EL spectra obtained at different temperatures for an injection current of 110 mA by setting the monochromator slit size to about 3.3 mm. Four distinct emission peaks around 381 ͑3.25 eV͒, 485 ͑2.5 eV͒, 612 ͑2.0 eV͒, and 671 nm ͑1.8 eV͒ can be observed from the spectra at 9 K. The peak around 381 nm is the near-band edge emission. The origin of peak around 485 nm is not very clear although similar emissions were attributed to oxygen vacancies or Zn interstitials in other reports. 12 However, our samples were grown in O rich condition with a lot of Zn vacancies because of which we possibly cannot do a similar assignment. The 612 and 671 nm emissions are believed to be due to intrinsic defects. A small peak around 396 nm ͑3.13 eV͒ is also seen in the UV region at 9 K, which is related to Zn vacancies. Figure  3͑b͒ shows the spectra focusing on the UV region only. With increasing temperature, both the small UV peak and the nearband edge emission redshift and appear as a single peak at higher temperatures. The redshift of the UV peak consisting of near-band edge emission and electron-to-acceptor Zn vacancy emission from 381 to about 409 nm for the temperature ranging from 9 to 300 K is due to the temperature induced band gap variations. The intensity of emissions drops throughout the spectra with increasing temperature, which is typical due to the increase in nonradiative recombinations at higher temperatures. The intensity of UV peaks is low compared with deep-level emissions probably due to low radiative efficiency and self-absorption effect induced by deep levels. 20 Room-temperature EL at various injection currents is shown in Fig. 4 . Although emission from the device could be observed for injection currents of about 40 mA, higher input currents were used for obtaining stronger UV emissions and clearer spectra. The intensity of the UV emission increases with the increase of injection current. Nevertheless, the deeplevel emissions dominate the whole spectra at different injection currents.
To confirm the origin of these EL emissions, photoluminescence ͑PL͒ measurements were carried out on the asgrown sample. The excitation source for PL measurements was a 325 nm He-Cd laser. The PL spectra obtained at 9 and 300 K are shown in Fig. 5 . The PL spectra in the visible wavelength were collected by using a smaller monochromator slit size of 1 mm instead of 3.3 mm that was used for the UV region and are shown with a small break in the graph. So, effectively, the intensity of PL emissions ratio in visible to UV region is also highly similar to EL emissions. It can be seen that five distinct peaks are present in the spectra. 3 . ͑Color online͒ ͑a͒ Temperature dependent EL spectra obtained at an injection current of 110 mA. EL from LED is obtained at 9, 50, 100, 200, and 300 K and ͑b͒ temperature dependent EL spectra in the UV region only. The dotted line indicates the trend of the redshift of the near-band edge emission from 381 nm at 9 K to about 393 nm at 300 K due to temperature induced band gap variations. The near-band edge emission becomes very weak at 300 K and merges with the UV peak originated from the radiative recombination between conduction band and the Zn vacancy acceptor level. This peak also redshifts from 396 nm at 9 K to 409 nm at 300 K due to the similar temperature induced effect.
All the peaks seen in EL spectra are present in the PL spectra nearly around the same wavelength positions. EL and PL spectra being similar confirm that the radiative recombination of the electrons injected from p-ZnO and holes from n-Si occurs in the ZnO layer. 20 In summary, near-band edge emission was observed from the Sb-doped p-ZnO / n-Si heterojunction diode due to radiative recombination taking place in ZnO. Other emission peaks present in EL spectra originate from the deep levels in ZnO, as seen from the PL evidence. The demonstration of UV emission from Sb-doped p-type ZnO films may make Sb-doping of p-ZnO promising for LED applications. This work was supported by the DoD/DMEA through the center for NanoScience and Innovation for Defense ͑CNID͒ under the Award No. H94003-06-2-0608 and the UCEI grant. We would like to acknowledge the SIMS measurements performed by Mr. Mikhail Klimov, Materials Characterization Facility, AMPAC, University of Central Florida.
1
